ABSTRACT A negative correlation between intron size and recombination rate has been reported for the Drosophila melanogaster and human genomes. Population-genetic models suggest that this pattern could be caused by an interaction between recombination rate and the efficacy of natural selection. To test this idea, we examined variation in intron size and recombination rate across the genome of the nematode Caenorhabditis elegans. Interestingly, we found that intron size correlated positively with recombination rate in this species.
S PLICEOSOMAL introns are widespread and abun-
melanogaster and human genomes (Carvalho and Clark 1999; Comeron and Kreitman 2000) . To explain this dant in eukaryotic genomes (Hawkins 1988; Deutsch and Long 1999) . For example, it appears that introns conpattern, Carvalho and Clark (1999) proposed a model in which natural selection favors smaller introns, stitute ‫,62ف‬ 11, and 24% of the Caenorhabditis elegans, Drosophila melanogaster, and human genome sequences, respecwhereas mutation tends to increase intron size, and it is the balance between these forces that determines intron tively (C. elegans Sequencing Consortium 1998; Adams et al. 2000; Venter et al. 2001) . Introns impose a burden size at equilibrium. Since the efficacy of natural selection is decreased in regions of the genome that experion organisms harboring them in terms of the energy, time, and materials required for both DNA replication ence reduced recombination rates (Hill and Robertson 1966; Felsenstein 1974) , this model predicts the and gene transcription. The large amount of genomic evolution of longer introns where recombination rates DNA that is devoted to introns in eukaryotes, despite are lower (and selection is less effective). these unavoidable costs, raises the question of what forces Comeron and Kreitman (2000) argued that the asdrive the evolution of intron size.
sumption of a mutational bias toward increasing intron Several beneficial functions that are associated with size is not supported by recent observations, which sugintrons have been identified. For example, introns are gest that there is an overall mutational bias toward delerequired for alternative splicing, a post-transcriptional tions in diverse animals (Ogata et al. 1996 ; Petrov et mechanism that allows a single stretch of DNA to code al. 1996; Ophir and Graur 1997; Petrov and Hartl for more than one functional protein (Hanke et al. 1998 (Hanke et al. , 2000 was assumed to be the same as the recombination rate of the nearest locus on the genetic map of that chromosome. To make sure that this assumption did not affect our results, all analyses were repeated using a data set that excluded these MATERIALS AND METHODS introns. In the C. elegans genome, intron size correlated posiIn contrast, no significant correlation was observed for tively with recombination rate (Figure 1a) . This result the X chromosome (Spearman's rank correlation, R ϭ contrasts with the negative correlation between these variables observed for the D. melanogaster and human Ϫ0.0001, P ϭ 0.993). elegans. These variables exhibited parallel distributions throughout the genome, and the positive correlation between regional averages was statistically significant (Spearman's rank correlation, R ϭ 0.750, P Ͻ 0.0001). Both intron sizes and recombination rates tended to be much greater on the autosomal arms than in the autosomal centers. On the X chromosome, however, average intron size did not exhibit much regional variation. Each chromosome is divided into 10 regions of equal size from left to right. Error bars represent 95% confidence intervals.
Data collection and analysis:
genomes and is not predicted by current models for the mal arms and centers. These consistent patterns ruled out the possibility that the genome-wide positive correlaevolution of intron size (Carvalho and Clark 1999; Comeron and Kreitman 2000) .
tion was due to a few regions with widely divergent intron sizes and/or recombination rates. There were consistent, regional trends in average intron size and average recombination rate across the C.
Population-genetic models have assumed that regional variation in intron size across the genome is deelegans genome (Figure 2 ): (1) autosomal arms tended to have large introns and high recombination rates; (2) termined largely by an interaction between recombination rate and the efficacy of natural selection, termed autosomal centers tended to have small introns and low recombination rates; and (3) the X chromosome the Hill-Robertson effect (Carvalho and Clark 1999; Comeron and Kreitman 2000) . These models were exhibited much less regional variation in average intron size than did any of the autosomes, with average intron developed to explain the D. melanogaster results and predict a negative correlation between intron size and resizes intermediate between those observed for autoso-combination rate. Our results suggest that these models ments. Expansion of noncoding DNA in these clusters would tend to impose a fitness cost, and deletions of have omitted the main factor(s) that determines regional variation in intron size across the C. elegans genoncoding DNA in these regions would often be favored by natural selection. In contrast, in those regions of the nome. Since the correlation between these variables was in the opposite direction in C. elegans vs. flies or humans, genome that are not often exposed to interchromatin compartments, expansion of noncoding sequences our results can be explained in at least two ways.
First, one of the current models invoking the Hillwould not tend to impose much of a burden on the cell; hence, insertions of additional DNA in these reRobertson effect might be valid for flies and humans, but not for nematodes. This explanation for our results gions might be neutral or even favorable, if they contributed positively to overall chromosomal architecture. implies that the balance of factors determining intron size varies from one evolutionary lineage to another and This chromosome territory model could explain the is supported by the apparent lack of a Hill-Robertson observed regional variation in intron size in the C. elegeffect on regional variation in both transposon density ans genome. In general, this model predicts that regions and codon bias in the C. elegans genome (Duret et al. of the genome that are often exposed to interchromatin 2000; Marais et al. 2001; Marais and Piganeau 2002) .
compartments should tend to have less noncoding DNA Instead, recombination-dependent mutational patterns than regions that are usually distant from interchromawere hypothesized to drive variation in transposon dentin compartments. If the autosomal centers are the resity and codon bias in this species. The same could gions of the C. elegans genome that are most often exposed be true for intron size. For example, the tendency for to interchromatin compartments, then this model could introns to be larger where recombination rates are explain the consistent tendency for introns to be smaller higher could result if recombination tended to cause in the autosomal centers. According to this interpretainsertions of transposons locally in C. elegans.
tion, introns would have evolved to be smaller in the Second, it is possible that the Hill-Robertson effect is autosomal centers so that more coding DNA could fit not a major determinant of intron size variation in any into a limited chromosomal region. of these organisms. This explanation for our results fails Recently, it was reported that genes expressed at to explain the observed correlations (either positive or higher levels tend to have shorter introns in both hunegative) between intron size and recombination rate.
mans and C. elegans (Castillo-Davis et al. 2002) . This Nevertheless, the fact that recombination rate can be correlation was interpreted as evidence that natural sepositively correlated with intron size in some species, lection has driven introns to smaller sizes in highly exbut negatively correlated in others, raises the question pressed genes to reduce the cost of transcription. The of what other factors might be driving the evolution of chromosome territory model provides an alternative, intron size.
although not mutually exclusive, explanation for this One interesting possibility is that intron size varies pattern: highly expressed genes may be clustered in systematically across the genome because the insertion both species to make effective use of interchromatin of nonfunctional ("junk") DNA imposes a greater fitness compartments, and small intron sizes may have evolved cost in some chromosomal regions than in others. In to fit more genes into a smaller region rather than to eukaryotic cells, chromosomal regions harboring dense reduce transcription costs directly. clusters of active genes are often located toward the We are grateful to two anonymous reviewers, Patsy Dickinson, Bruce center of the nucleus, adjacent to an interchromatin Kohorn, and Anne McBride for making suggestions to improve the compartment (Lamond and Earnshaw 1998) . This spamanuscript. We thank the members of the Biology Department for many stimulating discussions on these and related topics. This work tial organization is thought to provide the most active was supported by National Science Foundation grant 0110994 to genes with the best access to the materials needed for M.F.P. transcription and RNA processing. In contrast, genes that are silenced or exhibit low expression levels tend to be located toward the periphery of the nucleus, deep LITERATURE CITED within the interior of chromatin domains, and these clusters of genes at high density may have evolved to multiple control mechanisms and involvement in human disease. Trends Genet. 18: 186-193. make the best use of limited access to these compart-
